Automating tasks in protein structure determination with the Clipper Python module by McNicholas, Stuart et al.
This is an author produced version of Automating tasks in protein structure determination 
with the Clipper Python module.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/121767/
Article:
McNicholas, Stuart, Croll, Tristan, Burnley, Tom et al. (6 more authors) (2017) Automating 
tasks in protein structure determination with the Clipper Python module. Protein science : a
publication of the Protein Society. pp. 1-24. ISSN 0961-8368 
https://doi.org/10.1002/pro.3299
promoting access to
White Rose research papers
eprints@whiterose.ac.uk
http://eprints.whiterose.ac.uk/
	
	
	

	
	
		



		

 	
! 
"
##!
$
	
%
&
'(	

) 
$
	)
	
	 !
"#$
%&'	(&
)
*
&%!+#$
,	-.
/

0(

1-0/(23
)	&4 +!5+#$

&
6$
78$
$	.$8$
$	

		
	

(	*
*	
+
*
	
	!	
+
,	





	
	
,		*!-,	
	
*
*	
.	


		

	,	
	,		*
	,**	,
	***		

		
			!/

	,
**		
00
		,	
,

	*	

,	

.			
		


!"
	
,		
	
		

	
,	(		

!
		
-9':



0

;	-

	

123'.	,	(
	(	
	

		,	

	**!
.%2			
			(1,*	

.	!
	2
**		
00		,	
,'(	

43
	(	*
53'6!
1	2
		
*1	*	
	



(		
		
!
Tools for Protein Science Protein Science
DOI 10.1002/pro.3299
This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as
doi: 10.1002/pro.3299
© 2017 The Protein Society
Received: Jul 13, 2017; Revised: Sep 08, 2017; Accepted: Sep 11, 2017
This article is protected by copyright. All rights reserved.

-
2
		
*,	
			
*	*
		,,1!

.2
		
*+	
	
		*	
*

	
	

	
!
7*	2*		
*	

		!

+	

		
	
*
	

(.

	
*			(		(
2*	,		
4	*
		

	*
(
6.


4,	



	,	*	

(	6!	


**	
*
	
!-		
*

		

	*
*	!
+	,.*	
*

*

	
7**		
*	

!
		
	,*	
	

	
8,9**
!"	<		
!


		

,
:*+	!%+2
	
*	
	
.***+	

	

*,	
,
*
,
,		
	
*,		
!"	*<
	
!

/
	

		
	*

	!&;			
	




<-%=*				
*	
(
	
	
	



	
*	
	;	

	



	!%
.	4%6
	
	
*	.
	,.	
		*


4
	
>>3>
	

>	
Page 2 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
 
	
3
	6!

,
	*
		**
	,	
.*..*. 
	(
		;		
		
*,	***

	!1?/
	


,
*	

.	
	
@	
*

	
*,*	

AB(
		
,		
!C/	;		,
:	
((
,	
		
	
**	
	**
!

	

+
,		
*	D.	
(	(,
	
*	
E$$	

		

	
	
	.
	
	(			
,*		
.
	
%
	
!

-	
	
	
	(		


	*
*.

,				+	,	
.$$	
	*	
	,			7.*		

**		
*,.	
!

(
	
		

,	
***		
4,(*	

6

	4,	(

6(


*	
!4*<=6
4*$F
,G*	
		
6
	
,		,
	**

+
(!-	
	
**.*,
H=		

		,	
*

(
,	

*	
		
2*	.		
,	
*,.
	

		
(	,
Page 3 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
1



**	
	,		*(		


,	**
!

(
*		
		
,	(	
G141 6

,	(	
G*%
.	4.%16

	
,
		,	(	,		*	,		
	
	
.

!	*?		*,*,



*(**		
	
*!#(
		
		
	
!7
.%	
	
	,.

*	

		
7*	.
,	
(
.
	
*		
*!1	
	
*1		
**	
	


B(	,.(	
*
1	
	

	@
A
7*?!B"		
	
	
	,			*
	
	G,		
1		*

		
,			
	
*
(
	!
**		
	00	,C(		
;	*
	
	!

#G.+		
00	,	
,
(
	

	
		
!	



(	,		
(
	


.+		
00	,	(	,!

		
-
*	
**		
		,	(,
		

	

	
	
	

00,

	(	,		*	
*
		
	,*
		

!	
*
"/>!

/!
"/>
!
	
		
	*	!
Page 4 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
?

F		

	((	
			
,			"/>4		*	"
/
*>
6	,

*
	
;		


+	
**	
		
*(!		
**	4-	!*	I	!	:6

,
*		

		

	*		
!-
:	(
	,	**
			
00
	
*	

	

	
00

**!"/>			
,	
	
	?1D	(.%1
**	

		
,				
*
		*!

!
***,	.		
	
*	
,			,


00
;		

00	
		,	
!!
	

,		
	
		
	
*	

	
		
#%/<G 
			1	
*	
*	
	
	

	@DJ*		,					

	
,		42KK,+!*!
K
K!6!

=	
*00K
,	
	
,		*	,	
(
*
00.	*		!			,	
	
,
	
,	

42KK	,!K,	
K,	
6	
		L	

*+
	(,	!



	
	00	,C(3
	(	*5




	**
(
		
1	4
A?	(	@


?
6,
	


	
"/>

(	,	
1
.%		,	

4
Page 5 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
@
*(	,			
6!"/>
	
	
			
	,	
		,	
	
1
,*1
+
		
"/>
		
	
	,		
	.00.!!F<D!@!/

*	,
(	,
/
+4/6

	!
		
*1	:

.,
		
*41	@6
	,	
	
G	
,	
,
1

.%
	,	
;	,

.	!	(	
*
	
	
*	
$$	
**
*	

*	
!
*

	
	
		.$$	
**	,
(
	
	
σ.	**		
!

/
*	
	00	,*
,*		



	,00,	

	

!
2
*	*,*
(	
	

*	(	
*
	
	
,	/*
	
=	,4=6
	

	
*
	

*	
	,
*

	*	!"			

	
00
+
	
	
	
		


	
	,

	

,	


	


	
*	!

-
"/>(	

			
	
	

	2	

*	
,.!!




*	
00.*	
	
,*	(
Page 6 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
A
!
*


(	

	
(		
(
*	!

	
	:00,	

:

;	+
	
		
		
	*		
!-
	


*
	

	
*
		(!
00	

	
4		
006
		
.
*
	
,"/>	
		,	(	

	



*		
!			,*	4$$	
	
	

	
6,
*


*



4$$
*	
		
*		
	
6		
(

,	.
	
!*		
	
*,	

	
A		
		
	
	

(		

*		
	*
	
	
**	
	

	
>3	

*!B


***

	
	*		

+
	!
++		

*
	
*
	

	
	
 ,G	
00	,2

	!	"#$%&'())*
!"#$%&'())*


		*(
		
!"	+
00	

,*	
	

246	
	
	
*
*
	


	

*		
"/>E
462*
;	46

*
	
*(4(6!(*,

	
*
	

Page 7 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
B
	
		(
	
.*	
	!



	*
	
(,
*	
	
*	

4(	

	,*62

		

+,$-./&
	,	0 +
,	0+123
/
	0+,+
+	,	4$-./&1+ 	

	
(	
 ,G	
*

	*;	
!/
	
*K*
	
	,

	
*+
!


+*	
	:	

	
	
*	
		0554-	!62

		


,	05567


0
808
,	055

0


0






	+5553
55
	,,G	
59,
+
	
*
	
:/&	
*590
*
(
	
!

		*	
	
,+	

		;*
	
*
*
	
2C
Page 8 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
C

,:0123

;<=>3
$-&,%1?
$%&,$%&##.1@



	
4	6	,	
		,	1
.%

		(		
	
*,


*	

	
,<.
%!
**	
,			
	
<=!*+I

:	
1	@	*			
		
**
(
*	!


.+		
,	4	
		
((	

(			
6	(	

*
	
	
	

*	

$,,

,*
	(	
	
***		

	
!			(	*
	(	*

*
	
2	

(	
*		
,
	

E+*	
4!!(		(8,+9*
	(

6E*

	(
	
	
		*	E	(***	

*	

	
	
	(
*!

	
		
9	
				
*
		9!"			*
**		
	
00
	*	
	

;	+
	(*46
*
Page 9 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
D
	
				

	
K	
	!,
	+
	
(*
,
	(	
**
	
!!2

,9				
+:+,>

		,0	1A/23
0	,+	1B:/


0,1B:C230>+
1	7D
	

1++	0


	
E
2E(,
+
	**
	
+
*
!	**	
2E

.	
*,		*	
		
+



E		*		

	
	
*	

;		
*	
	!

F	
(	

		
	2

1 
23		
1+		 D+D
1+
0
,0		
	,F F,F?F

1AD
23
+
1	>D	D
1+G
0
		,,
F>F,F?F


	+
+
	
	
	
	4	!!	+	
*

E6!/*	;	
		
+	
,	(	

,	*	
((*


!
Page 10 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.


 !		
(
;	

	
			+

	
	
	,	(
(	
	.
;	(
!		
	
((	,
	,		(	*	
	

	
	.	*
	
!"
(*
H 	*		
2

1
		?			

1	0
1 9		
1
1		 	
	,H 
				


1		:	
1

,	0
1		:
,	0??+
+	,>
@	,.



	***	

	*
	
	(
!/
,	**
,+	*	
	
		

	
	
	!(	
	

**4*
,+	
6K4*;
6

+K*!-	
	
(46	
	

	
*
(	
!-	
*


(	!

"		
		
%
	* + 	
	+
 +
	
(!/

	*	(	

(*
	
+	
Page 11 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.

	
	(	,	
	
	
!		
(

I,G4
,,(H	6!3	
+
,(2

1A/J23
	
1I	0B
,FJJF+
1$%%%-&		




10

,0		
,F/JF



+*	
		

+		
(			
4	< D6	
(	,
;*,	
	

	<,	
42KK!,(	!*!K	+K
!6

	
	
(		
4K>
K6!F
	
		(	
*

	(	*
,	

	,*		
&
/-*		
	<

	


4K>
K6

	
2



	0	 I	
,00$%&
	, I	F0?F

!L
	

*.**		
!	
	
			
(

+	
!




	
00	,*
	


00+	
	

	
	
!/	*(	

	,
+	

(
,G,
,	
!"		

	(
	5
4006
AK4
6
LK
Page 12 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
 

MK

	
H:+K0




	
*	00	,		
	
&+

42KK!+
!6	*	

	
*
		
((

	
		
*	


!-
	
,		.+	
42KK	,!KA
K+	6	
	
<=*	.
	


.*	
	
&+
.	
"/>	
**		


,	
	
*	
	
**	!


,	
	
	

:!	
	
	,	*.%$
	
/
42KKG
	
!	6!



*	

	
		
,	
	,	

+	,	*

		
*
	


!(		
*	*.		


		
**		

(	*	


!
+	
	(	4-	! 6**;	(

*
	
		
	
004	6

4	
6!
.*1
M,M
	!*	M
	
.

	

4**		
	
	
.
*	
*
	
,	

*6!
*	L4,	
,
	6

	

Page 13 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
1
	
	

*		,		L4	
,6*(00
	(!	,


(	
	

(	
.			
	,
	,(		!



/
	

+		
		
*
	

*(	
*
+
!
	
,*		

	
(2,	
		
*	
4+	(		
6

*	
		
.*	
	

	
*	
	


	

*+	
4+		
6!/
*	*
+3D4	
+	(6, 4+	(6
	, 
	,M	4+	(
+6&M7%&F  4+6


C4+6!-%*			
	
.%1	
7*B4+6
&% 14+	(6
-+.% ?4+6!/	*
	

%
	
7	
 @	
		,		
	

	
		
**	,
*
	
	*.	
		
! A


*		
		
		**	
	*	
,
<	
<
!"	*	
	
	*	
		
	**
	,			,.
	
	
G,	
>3 B.		,
		
;
	,*
	
,
		
*
	


	
	*		
.
$$.,		
*	
	

	*7.*,D! D!

Page 14 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
?
/		
	,
		
*	
,
!	

		


**	,		*
	
	(		
	
	.(	,	
*
+E(		
*


*
	
	
	(	
	
	

(

	!
	**	
*	
	.$$		
	.(	
*
	
	
	
G,!		.$$
*	
.
,		

	*.1K7
*&*	*N*	*	(*,(+.,		



.
;		*+
	

.!!<=$F*		,+(	*

	
	
*	*4
.,		/

=	,#/=6	
	
		
!


(	,	
<=
$F		


	**

!<
	,=
4<=6*+	,+
*(,	*
#=!+
*,	
	
	
(	

,*<=
	@	(
7K7! C<=		(,*

	
	;	
	
	

	
*	*

,	
*
.***	
		
	
*,!
$(	F,G	
4$F6	*,		
*
	**
2(	
.,*
		
,G!$F
**	
	
	

.	!
**+	,
*
	
+
,(	,	(	,
*	

		
*G		

!.+,
	
&
	
%4&6
.%
	,G
	
$F	

				
1	
	M,
<=!@
Page 15 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
@


+*.	
<=2
,8	8,88,8>>.J---J.J
.%-N8:,88
,800)00)))O-JP0	8
,800)00)))O-JP/:08
	,8D-%0%8
,8.0O8:,8.0O8)

,800)00)))O-JP/:08
,83678:,88)

,800)00)))O-JP0	8
,88:,88)

,8	0?8,85BG8
:,88)
)

	
$F*		2
"
88"
8D88	8
8D888
8D88>>.J---J.J.%-N8
8D:888
88"
8D8800)00)))O-JP0	8
8D8800)00)))O-JP/:08
8D
	88D-%0%8
8D88.0O8
8D:88.0O8
(
8
8$
"
8D8800)00)))O-JP/:08
8D883678
8D:888
(
"
8D8800)00)))O-JP0	8
8D888
8D:888
(
&
8
8"
8D88	0?8
8D885BG8
8D:888
(
(
(

	
(	
,
*	
		,	

	


(	
		
*

!
Page 16 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
A



*	
,		2		
				,
	

	(*.$$&/-N1!F*
	
	
+,

(	



:
*			*	

		
*	!

 
	
;	

,**		,	

*		
*	
+	
4
(	
6;			
,
	
!

	
*	
H=		**	
.
,
,				
	**		



*		
+	

		,*	!
	(

(	,	
	

&H=
	(H=		$F
	
	!


!

(		*			*	
*.
42KK		!
!K	
K	
	
	*	K	
6	
=	,1D,	
	*!"		
1 
.%1	
$(	*(	
+

	(*.		
	

	
,	
	
(	*
	
*	
*#=?K$(	!/

		
(	
*
	
			*,	

,
		
,1.
	
!/*
,
	
	(

/
,,	
	
	4<=$F*	*	

6
*
+	
!		+	*	,1	
	@	
Page 17 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
B
	*		
		
*	*,	
		

,
,*!

%+	(		
;		

	

	
,*

		:		
.	
!%+*	-
1
3!D%+		


+			
	

	
	
	

		
	
	
,;

!			+	*	,
.		
!C



/
	(

+		
00	,
,	
		


!(	,	
	
	
(	
(
	

		

,
!-	


	
	
*1	
.%
		
*		
(	,		**

4$$,*
(	
**	
	(	6
	
,1
.%	
*	
*	
!



		**
	,

*
>3=,	=	
4=>=( 6!(*,	
	
	2
1.%4	,	
		,	
6	<	


	

*
	
,,		

	
!(	,>	#,
42KK	,!K	.
6!

Page 18 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
C
!			
	,
,,	(	
G141
	

6	

			
7
	

K=DD@ B K4	6
KDDD?AK4#6"
DBC@KNKDAKN
46	7
	7K$DDDB?K
7KDDC@1K4


6!


"				
!',"4DD6<!&@@2?. !
!$"	
>"
&>-
.
=>	7$(>
%(
>4D@67,,
	
	
&/=!$1C2C.C!
 !"
&>"	
>>	7$$'%(
>
4D@6&	**	
.*	

	
&/=*!&A2??B.
?A?!
1!O
	
-
,'**F	""	

>4D6&	


		7F,+!
&@A2C . D!
?!"	
>=,	
4D 6&		
	
	
+	!&@C2@D.
A !
@!
G	O=L	
O"	4DD?6.7	2

	
	
*
**		
*
(		
*
<.	**	
+	
!&@211C.1?A!
A!'
7"G"	
>
4D?6&/=%2	**
		
*
	
	
*
,	
!A2B!
B!''#	


33"	4D@6<!D!$
1C2DB?.DC!
C!,

4D 6		
	
*<.!

1!
D!'
7"	

&4DDB632
		
*

!&@12C.1!
!	,,$'
7
F"	

&7	
&$4D6=%2.
.

(*	
	
	
,	
		!&@B2@.@ !
!		
-	&7	L.-	%7$3
/4D?6
7/F=&FM=/%2	
.	
	
	

!
&A2C.C D!
 !"	

&
'&&
%$%%(
7'
7
'		
%=	>"	$(>



%#777$O	
"	
'4D6F((	*
1	

(
!&@A2 ?.1!
1!
"	

4DA67
(
	
.%*
	!&A 21@C.1AA!
?!%=">
'4DD6-
(
*!
&@@21B@.?D!
Page 19 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
D
@!%(
7(>4D 6#
		
P
&@C2D1.1!
A!
'4DD@6
**,		
!!	

	
	
!&@2DD.D!
B!(>,=,(

	
7	7"	

&
=
-O	
4D67%-?**	

*
!&@A2 ??. @A!
C!
'4DD 6	00	,	*<.!/3
21.C!
D!	
%"	
',%4D6
	
2
1.	*!&@A2 B@. C1!
!	$/	.-
Q
L$7(	&(	>$"	
'
'&4D?6
	(2**
*	
(		
*,!
	2B  .B 1!
!",,	4D16	(	
	
	
F&%==%7!
		
*	1A2?@. !
 !&*
	
O
L	>
O&(	/"%#$$#

="'>$>.'
(7"$	"F**
77
7$7	
&7	
$		N#4DD6#%/<2

	(
.,*	
!
&@@2 .!
1!>.'
(7"'	"&4DD6	

,+2			
,*
*!$ ?2@. @!
?!-	$5
+*&F
7=""
&>
/%(
>4D 6	
*		
*
*		
!&@C2@A.@ !
@!
%	$
'&
%%(
%$
	
#'

7'		
%(

'=,(		,


7	>,
,$3	O(
&*-"

&>"	
'"	

"G4DB61	.
		
*
1	!&	
*1"


(	!
A!(
",O;+>4D62*
**		

		
!	%
 2. D!
B!'	

7O	
4D16

>3+	
*
		
!D1//
&		,"2DD .
D!
C!
=4C ?6	*	
	
*

*
	
		
	
!N'	CD2?A.?1!
 D!>&#

%
%->	$#-	
%
4DA63-	<2	


	
(		L	


	!
	
	
(	!
 !=
-O	
5
(>4DDB6=%2.

		
!&@12?. !
 !7	L&		
'//L	>3
/
4D6		
	7/F=&F!&@B2  @. 1 !
  !$
7=
-(>	4D16&M7%&F(*
		L	
!/37G2A!
 1!7
4DDD6&	
*	
	
*.

		
	
!&?@2  . 1D!
 ?!*='",,"*
#	"	4DDB6	
*		


*	

	,.%
	!@2C?. DA!
 @!#4D67%=/F2	
	
*	
.%
	
	
!$	BD2?C.? D!
Page 20 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.

 A!-

L.=	7#"4DA6		
	
.	
	
	
7%=/F!&A 21C@.?D!
 B!
F4D6>
.
.	
!3%/< @21.1A!
 C!=
>
<=L	
O	4DDB6
,		
*<.	
7K7(	
A! 2A.
AC!
1D!#
$&4DDA6	,2&	
(	

!	%
C2CD.C?!
1!$
	
#4DB6-
27		.	
	
	
*	
	
*
!&	
*1"


(	!


#	 		

-	!F((	**	

	
((	

	
*

	
*!,	
*	G				
	,
1
.%,			
!
	
.

*	4			
6
	:.+		
,G4!6

,G
,
"/>
	

	
*!*	4	!
M	!6
;	*
		,*1
.%!

-	!
*
	
		
	!	
	!		
00	
	
*
	
	*=(	

	


!(,
+
*

	4+	

	
+6!

-	 !	
*00


	!
	*	

	
	
004!*1	
		,6O


4M,M
	!*	M	
	M


6!*DD
	.
*		.
,	
*%
	&
4%&C6	,

	
.,
1!DR!4		
	3/<6
	=	,1	
,+,D!
Page 21 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.



	
	
  !  "#$	
"%& '"(%	&
)*+,	-%	
.	&/  !  "#$	

!01(22%344(3445+&


Page 22 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.



	
		

 !"	#$
 !%$$&	

'($)*'%+,,$+,,- .&


Page 23 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.



	

	

	


 !"##	
##$ 	%&&
''()*+,()*+%-  
'	&.	
/$01 )2% 3%&	

45&3444&&34&&*0 


Page 24 of 24
John Wiley & Sons
Protein Science
This article is protected by copyright. All rights reserved.
